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(57) ABSTRACT

Method and system for automatically adjusting a hearing aid.
The method includes measuring an acoustic reflectance asso-
ciated with an ear canal as a function of an incident pressure
and an acoustic frequency, processing information associated
with the measured acoustic reflectance, determining a reflec-
tance slope based on, at least, information associated with the
measured acoustic reflectance, and adjusting, at least, one
parameter associated with the hearing aid based on, at least,
information associated with the reflectance slope. The retlec-
tance slope 1s associated with a reflectance component vary-
ing with the incident pressure.

18 Claims, 9 Drawing Sheets
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SYSTEM AND METHOD FOR
AUTOMATICALLY ADJUSTING HEARING
AID BASED ON ACOUSTIC REFLECTANCE
CROSS-REFERENCES TO RELATED D
APPLICATIONS

L1

This application 1s a divisional of U.S. patent application
Ser. No. 11/061,368, entitled “Dual Mode Communication
Systems and Methods™, filed Feb. 18, 2005, now U.S. Pat. No.
7,715,577 which claims priority to U.S. Provisional Applica-
tion No. 60/619,517, filed Oct. 15, 2004, all which are entirely

incorporated by reference herein for all purposes.
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STATEMENT AS TO RIGHTS TO INVENTIONS -
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Not Applicable 20

L]

REFERENCE TO A “*SEQUENCE LISTING,” A
TABLE, OR A COMPUTER PROGRAM LISTING
APPENDIX SUBMITTED ON A COMPACT DISK

1]

25
Not Applicable

BACKGROUND OF THE INVENTION

The present invention relates generally to acoustic devices. 30
More specifically, the invention provides a method and sys-
tem for automatically adjusting acoustic devices based on
acoustic reflectance. For example, the acoustic reflectance 1s
a relationship between reflected waves and incident waves.
Merely by way of example, the invention has been applied to 35
hearing aids, but 1t would be recognized that the invention has
a much broader range of applicability.

Hearing aids have been widely used to compensate hearing,
losses of human ears. A human ear 1s comprised of an outer
ear, a middle ear, and an inner ear. The outer ear includes an 40
ear canal, the middle ear includes an eardrum, and the 1nner
car includes a cochlea. Depending on individual needs,
people often use different types of hearing aids. The types of
hearing aids include n-ear aids, behind-ear aids, and canal
aids. 45

These hearing aids are usually fitted to individual ears.
Such fitting process 1includes several steps—measuring
extent of hearing loss, determining gain of hearing aid, and
adjusting frequency response of hearing aid. These steps are
often performed by an audiologist, whose time spent on the 50
fitting process 1s a significant cost associated with hearing
aids. It the fitting process 1s not successiul, the hearing aids
are often returned to the manufacturers for full refunds. For
example, the return rate may range from about 18% to 28%.
Such high return rate can significantly increase costs of hear- 35
ing aids,

Hence it 1s desirable to improve techmques for fitting hear-
ing aids.

BRIEF SUMMARY OF THE INVENTION 60

The present invention relates generally to acoustic devices.
More specifically, the invention provides a method and sys-
tem for automatically adjusting acoustic devices based on
acoustic reflectance. For example, the acoustic reflectance 1s 65
a relationship between reflected waves and incident waves.
Merely by way of example, the invention has been applied to

2

hearing aids, but 1t would be recognized that the invention has
a much broader range of applicability.

An embodiment of the present invention provides a method
for automatically adjusting a hearing aid. The method
includes measuring an acoustic reflectance associated with an
car canal as a function of an incident pressure and an acoustic
frequency, processing information associated with the mea-
sured acoustic retlectance, determining a retlectance slope
based on, at least, information associated with the measured
acoustic reflectance, and adjusting, at least, one parameter
associated with the hearing aid based on, at least, information
associated with the reflectance slope. The reflectance slope 1s
associated with a reflectance component varying with the
incident pressure.

According to another embodiment, a method for automati-
cally adjusting a hearing aid includes measuring an acoustic
reflectance associated with an ear canal as a function of an
incident pressure and an acoustic frequency, processing infor-
mation associated with the measured acoustic reflectance,
determining a reflectance component based on at least infor-
mation associated with the measured acoustic reflectance,
and adjusting at least one parameter associated with the hear-
ing aid based on at least information associated with the
reflectance component. The reflectance component 1s sub-
stantially constant with respect to the incident pressure.

According to yet another embodiment, a method for auto-
matically adjusting a hearing aid includes measuring an
acoustic reflectance associated with an ear canal as a function
of an incident pressure and an acoustic frequency, processing
information associated with the measured acoustic reflec-
tance, determining a first acoustic impedance related to the
car canal based on at least information associated with the
measured acoustic reflectance, and adjusting a second acous-
tic impedance associated with the hearing aid based on at least
information associated with the first acoustic impedance.

According to yet another embodiment, a method for auto-
matically adjusting a hearing aid includes measuring an
acoustic reflectance associated with an ear canal as a function
of an incident pressure and an acoustic frequency, processing
information associated with the measured acoustic retlec-
tance, and determining a reflectance component based on at
least information associated with the measured acoustic
reflectance, measuring a reverse transier function associated
with the hearing aid from the ear canal to the hearing aid input
microphone. Additionally, the method 1ncludes adjusting at
least one parameter associated with the hearing aid based on
at least information associated with the reflectance compo-
nent and the reverse transfer function. For example, the
reflectance component 1s substantially constant with respect
to the 1incident pressure.

According to yet another embodiment, a system for pro-
viding hearing assistance with automatic adjustment includes
a processing system, a control system coupled to the process-
ing system, an earphone coupled to the control system, and a
first microphone and a second microphone coupled to the
processing system. The earphone and the first microphone are
configured to be placed inside an ear canal. The earphone 1s
configured to provided a plurality of impedance values.

According to yet another embodiment, a method for adjust-
ing a hearing aid includes measuring a pressure associated
with an ear canal, processing information associated with the
measured pressure, determining a first acoustic characteristic
based on at least information associated with the measured
pressure, and adjusting a second acoustic characteristic based
on at least information associated with the first acoustic
impedance.




US 9,113,278 B2

3

Many benefits are achieved by way of the present invention
over conventional techniques. For example, some embodi-
ments ol the present invention can significantly lower the cost
of hearing aid fitting and improve the quality of average
patient fitting. For example, the variance 1n hearing aid fitting
can be greatly reduced. Certain embodiments of the present
invention can greatly reduce or remove the intervention of the
hearing aid professional in some technically difficult and
high-risk tasks for prescribing a hearing aid for a patient. This
would allow the professional to focus on the patient rather
than on aid-specific technical details. Some embodiments of
the present invention provide a hearing aid that can automati-
cally and 1n situ adjust compression parameters and ire-
quency-dependent gain of the hearing aid. For example, the
hearing aid performs the adjustment based on measurements
the hearing aid makes in the ear, either automatically, in a
scheduled manner, or when the hearing aid 1s manually
instructed to do so. The manual 1nstruction may be generated
via some virtual button such as an electronic command. Cer-
tain embodiments of the present invention allow for the
adjustment of the source impedance of the hearing aid as a
function of acoustic pressure and frequency. For example, the
source impedance 1s related to the acoustic impedance of the
carphone of the hearing aid.

Some embodiments of the present invention improve the
delivery of acoustic power or intensity to the ear canal and/or
cochlea. Certain embodiments of the present mvention can
improve the hearing aid efficiency. Some embodiments of the
present mvention reduce the effect of standing waves by
controlling the acoustic reflectance via a slowly-varying tonic
change 1n driving-point impedance of the output transducer.
For example, the output transducer 1s part of an earphone of
the hearing aid. Certain embodiments of the present invention
reduce and control “sing margins,” also known as “feedback
margins,” defined as the amount of gain that may be provided
betore the hearing aid becomes unstable and starts to oscil-
late, or “whistle.” For example, the sing margins depend on
the acoustic reflectance, which in turn depends on the relative
impedance between the earphone and the ear canal.

Some embodiments of the present invention provide sig-
nificant improvements to clinical evaluation tools for hearing,
aid and also reduce the variability in the measurements. Cer-
tain embodiments of the present invention provide a hearing
aid capable of measuring acoustic retlectance as a function of
acoustic pressure and frequency. Some embodiments of the
present invention use contra-lateral sound as the stimulus and
the acoustic reflectance as the output control measure. For
example, the reflectance change indicates the cochlear
response to the contra-lateral stimulus, and serves as a mea-
sure for the status of mner hair cells and outer hair cells.
Certain embodiments of the present invention provide a hear-
ing aid that can automatically determine acoustic parameters
of the hearing aid. For example, the acoustic parameters
include ones of the earphone. As another example, the auto-
matic determination 1s pertormed for the purpose of in-situ
characterization of the middle and 1inner ear via the ear canal.

Some embodiments of the present invention can automati-
cally adjust a hearing aid to the ear canal dynamically and
without intervention on the part of the user. Certain embodi-
ments of the present mnvention use the length and area of the
car canal for adjusting the hearing aid. For example, the
length and area are determined during the making of the ear
mold. As another example, the area of the ear canal 15 esti-
mated based on the size of the ear tip used by the tester, which
can be determined semi-automatically. Some embodiments
of the present invention momtor changes of the ear and/or the
hearing aid. For example, such changes reveal ear wax
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buildup, and/or colds and other minor inflammation of the
middle ear. As another example, the monitoring is performed
to detect middle ear infections 1n children with a history of
middle ear problems. In yet another example, the monitoring
1s performed by a handheld device. In yet another example,
the warnings and information can be delivered to the ear via a
voice message delivered from the hearing aid.

Depending upon embodiment, one or more of these ben-
cfits may be achieved. These benefits and various additional
objects, features and advantages of the present invention can

be fully appreciated with reference to the detailed description
and accompanying drawings that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a sitmplified conventional circuit diagram model-
ing a human ear;

FIG. 2 1s a simplified diagram for adjusting a hearing aid
according to an embodiment of the present invention;

FIG. 3 1s a simplified diagram for adjusting a hearing aid
according to another embodiment of the present invention;

FIG. 4(a)1s a simplified diagram for adjusting a hearing aid
according to yet another embodiment of the present mven-
tion;

FIG. 4(b)1s a simplified diagram for adjusting a hearing aid
according to yet another embodiment of the present mnven-
tion;

FIG. 5 1s a simplified diagram for adjusting a hearing aid
according to yet another embodiment of the present mnven-
tion;

FIG. 6 15 a simplified hearing aid according to an embodi-
ment of the present invention;

FIG. 7 1s a simplified hearing aid according to another
embodiment of the present invention;

FIG. 8 1s a simplified process for measuring reverse trans-
fer function according to an embodiment of the present mven-
tion.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates generally to acoustic devices.
More specifically, the invention provides a method and sys-
tem for automatically adjusting acoustic devices based on
acoustic reflectance. For example, the acoustic retlectance 1s
a relationship between reflected waves and 1ncident waves.
Merely by way of example, the invention has been applied to
hearing aids, but it would be recognized that the invention has
a much broader range of applicability.

The fitting of conventional hearing aids 1s a complicated
process. For example, the fitting personnel needs to perform
a detailed analysis of middle ear and cochlear loss configu-
ration. This analysis 1s made more difficult by the presence of
standing waves 1n the ear canal due to reflection from the
middle and/or inner ears. For example, such analysis may
require an acoustic power assessment, which 1n turn includes
detailed acoustic impedance measurements and analyses of
both the hearing aid and of the ear canal. While such imped-
ance measurements are possible, 1t 1s often not practical to
provide this information either in the clinic, or 1n situ. Train-
ing a large number of hearing aid fitting personnel 1s often a
large cost for delivering such technology.

Additionally, conventional hearing aids often use multi-
band compression which includes dynamic range compres-
s10n as a function of frequency. Determining the compression
parameters 1s a complex task, and one that 1s prone to error.
Moreover, this complexity of the fitting process often requires
advanced training for fitting personnel, and such training
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usually varies with different types of hearing aids. Hence an
automated fitting process 1s highly desirable.

According to certain embodiments of the present iven-
tion, the fitting process 1s automated by providing a hearing
aid that can automatically adjust its parameters to the hearing
impaired ear, in situ. Additionally, such hearing aid can
improve the overall quality of a hearing aid fitting, efficiency
ol hearing compensation, and/or delivery of acoustic signals
to cochlea. Moreover, such a hearing aid can reduce effect of
standing waves and/or control feedback margins. For
example, the feedback margins are related to the amount of
gain that may be provided before a hearing aid becomes
unstable and starts to oscillate or “whistle,” which depends on
the acoustic properties of the hearing aid.

FIG. 1 1s a sitmplified conventional circuit diagram model-

ing a human ear. The circuit 100 includes transmission lines
110, 112, 120, and 130, inductors 140, 142, and 144, capaci-

tors 150 and 152, an adjustable capacitor 160, and an adjust-
able impedance 170. Each inductor represents a mass, such as
a middle ear bone, and each capacitor represents a stifiness or
ligament, which connects the bones together. The transmis-
sion lines 110, 112, 120, and 130 represent the outer ear, the
car canal, and the ear drum. For example, the ear drum may
impose a 37-us delay to acoustic signals received by the out
car. In another example, the inductors 140, 142, and 144
model the mass of the malleus, the incus, and the stapes

it

respectively. The adjustable capacitor 160 models the stifi-
ness of the annular ligament, and the adjustable impedance

170 models the impedance.

FIG. 2 1s a simplified diagram for adjusting a hearing aid
according to an embodiment of the present invention. This
diagram 1s merely an example, which should not unduly limat
the scope of the claims herein. One of ordinary skill 1n the art
would recognize many variations, alternatives, and modifica-
tions. The method 200 includes a process 210 for measuring,
acoustic retlectance, a process 220 for determining slope of
acoustic reflectance, and a process 230 for adjusting hearing
aid based on slope. Although the above has been shown using
a selected sequence of processes, there can be many alterna-
tives, modifications, and variations. For example, some of the
processes may be expanded and/or combined. Other pro-
cesses may be inserted to those noted above. For example, the
process 210 1s performed after placing at least a part of a
hearing aid 1into an ear canal. Depending upon the embodi-
ment, the specific sequence of processes may be interchanged
with others. In one embodiment, the processes 210, 220, and
230 are performed automatically by signal processing com-
ponents of the hearing aid without any human intervention.
Further detail of the present invention can be found through-
out the present specification and more particularly below.

Atthe process 210, the acoustic reflectance 1s measured. In
one embodiment, the measurement of the acoustic reflectance
includes measuring the incident pressure and the retlected
pressure 1n the ear canal as functions of frequency. For
example, the reflected pressure comes from the eardrum and
the cochlea. If the incident pressure is represented by P™ and
the retlected pressure 1s represented by P~, the acoustic reflec-
tance R 1s determined as follows:

P (1)

Pr(f)

R(F) = (Equation 1)

where 115 the frequency of acoustic signals. R 1s a complex
number that can be described by the magnitude |IR| and the
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phase Z R. The square of IR | 1s equal to the power retlectance,
and the latency Tt~ of the acoustic retlectance R can be deter-
mined as follows:

1 ALR
2 af

(Equation 2)

T =

In another embodiment, the reflected pressure P~ 1s mea-
sured 1n response to different levels of the incident pressure
P*. The measured R is not only a function of frequency but
also a function of P as shown below.

P (P", f) (Equation 3)

D=5

In yet another embodiment, the characteristic impedance
7, 01 the ear canal 1s defined as follows:

Zo=PCc/A_, (Equation 4)

where p 1s the density of air, ¢ 1s the speed of sound, and A __
1s the cross-sectional area of the ear canal. The acoustic
impedance Z_ . of the ear canal 1s determined as a ratio of total
pressure P to total volume velocity U, namely:

(Equation 3)

where U™ and U™ are incident and reflected volume veloci-
ties respectively. Given the incident pressure PT and the
reflected pressure P~, the incident and reflected volume
velocities can be determined as follows:

(Equation 6)

(Equation 7)

Accordingly, Equation 5 1s transformed 1nto the following:

(Equation 8)

As shown in Equation 8, the acoustic impedance 7Z__ (P, 1)
of the ear canal depends on the acoustic reflectance R (P, 1)
as determined by Equation 1 or Equation 3.

In yet another embodiment, measurements of the incident
pressure and the reflected pressure are performed under high
noise environments. Accordingly, narrow band signals are
used by employing narrow band chirps and noise or pure
tones of various durations, 1 order to improve the ability of
rejecting noise.

In yet another embodiment, measurements of the incident
pressure and the reflected pressure are performed with reflec-
tance otoacoustic emissions techniques. With these tech-
niques, the incident sound 1s removed and the reflected sound
1s measured directly 1n order to remove or reduce stimulus
artifact problems.

At the process 220, a slope of the acoustic reflectance R 1s
determined. In one embodiment, the measured R 1s a function
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of frequency f and P*, and includes a constant component R,
and aslope R, . R, 1s independent of P*, and R, varies with P™.
R, and R, each may vary with the frequency 1. At the process
220, the slope R, 1s determined. For example, a Taylor series
expansion of R with respect to P* can be performed as fol-
lows:

R(P*,D=R(D+R, (HxP+R,(Hx(P*)’ (Equation 9)

where R, R, and R, each may vary with the frequency 1.
As another example, the retlectance R 1s substantially equal to
a first constant R, () if P™ 1s lower than about 30 dB-SPL, and

substantially equal to a second constant if P™ is higher than
about 50 dB-SPL. 1 dB-SPL 1s equal to

P++F]

20 X lﬂgm( =z
ref

and P,_-1s equal to 20x1 0~° Pascals. The first constant is larger
than the second constant. For incident pressure P~ that falls
between 30 and 50 dB-SPL, the acoustic reflectance R varies
with P, for example, monotonically. In another example,
cach of the first constant and the second constant varies with
the frequency 1.

At the process 230, the hearing aid 1s adjusted 1n response
to the slope of acoustic reflectance. In one embodiment, the
slope of the measured reflectance 1s used to determine the
amplitude compression parameters of the hearing aid. For
example, the parameters include the compression slope and
break points for multi-band compression. As another
example, the compression 1s determined as a function of
frequency based on the slope R, (1).

In another embodiment, the slope of the acoustic reflec-
tance can provide information about cochlear outer hair cells.
For example, the dependence of the slope on incident pres-
sure may result from characteristics of cochlear outer hair
cells. If these cells are damaged, the dependence can be
greatly reduced. As an example, if the cochlear outer hair cells
are totally destroyed, the slope R, (1) of the acoustic retlec-
tance can disappear. Therefore, the degree of compression
applied by the hearing aid should increase as the amount of
dependence decreases. In yet another example, 1f the ear
shows a normal slope R, (1) for acoustic reflectance, no com-
pression i1s added. If the ear does not show any non-zero slope,
a gain decreases monotonically on a dB scale, between an
input level ranging from 20 to 65 dB-SPL. For example, at an
input level of 65 dB-SPL, a mimimum gain 1s provided. At an
input level o1 20 dB-SPL, a full gain 1s provided. For an input
level decreasing from 65 to 20 dB-SPL, the gain increases
linearly on a dB scale from zero to the full gain respectively.

In yet another embodiment, the gain depends on frequency
at a grven input level. For example, the gain that compensates
for presbycusis at low frequency such as 1 kHz 1s smaller than
that at high frequency. In yet another embodiment, the gain
that compensates for presbycusis 1s smaller than that for
conductive loss at low frequency such as 1 kHz due to, for
example, a hole 1n the eardrum.

FIG. 3 1s a simplified diagram for adjusting a hearing aid
according to another embodiment of the present invention.
This diagram 1s merely an example, which should notunduly
limit the scope of the claims herein. One of ordinary skill 1n
the art would recognize many variations, alternatives, and
modifications. The method 300 includes a process 310 for
measuring acoustic reflectance, a process 320 for determin-
ing constant component of acoustic reflectance, and a process
330 for adjusting hearing aid based on the constant compo-
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nent. Although the above has been shown using a selected
sequence ol processes, there can be many alternatives, modi-
fications, and variations. For example, some of the processes
may be expanded and/or combined. Other processes may be
inserted to those noted above. For example, the process 310 1s
performed after placing at least a part of a hearing aid into an
car canal. Depending upon the embodiment, the specific
sequence ol processes may be interchanged with others
replaced. In one embodiment, the processes 310, 320, and
330 are performed automatically without any human inter-
vention. Future detail of the present mnvention can be found
throughout the present specification and more particularly
below.

The process 310 for measuring acoustic reflectance 1s sub-
stantially similar to the process 210 as described above. Atthe
process 320, a constant component of the acoustic reflectance
R 1s determined. In one embodiment, the measured R 1s a
function of frequency and P*, and includes a constant com-
ponent R, and a slope R,. R, 1s mndependent of P*, and R,
varies with P*. R, and R, each may vary with the frequency f.
At the process 320, the constant component R, 1s determined.

For example, R, and R, are determined by performing a
Taylor series expansion of R with respect to P™ as shown 1n
Equation 9. R, and R, each may still vary with the frequency
f. As another example, the reflectance R 1s substantially equal
to a first constant R, () 1if P™ 1s lower than about 30 dB-SPL,
and substantially equal to a second constant if P™ is higher
than about 50 dB-SPL. The first constant 1s larger than the
second constant. For incident pressure P~ that falls between
30 and 50 dB-SPL., the acoustic reflectance R varies with P,
for example, monotonically. In another example, each of the
first constant and the second constant varies with the fre-
quency 1.

At the process 330, the hearing aid 1s adjusted in response
to the constant component of acoustic reflectance. The con-
stant component is constant with respect to P™, but may still
vary with the frequency 1. In one embodiment, the constant
component 1s used to determine overall frequency response of
the hearing aid. In another embodiment, the constant compo-
nent 1s used to determine acoustic impedance of the hearing
aid. In yet another embodiment, the constant component of
the acoustic reflectance can provide information about the
middle ear. As an example, for incident pressure above about
65 dB-SPL, the gain of the hearing aid should be determined
from the constant component. The gain needs to match the
absorbed 1ntensity as a function of frequency with a gain of
unity. In another example, if the middle ear reflects more
energy, the gain would be raised to make the absorbed inten-
sity, equal to that of the normal middle ear and cochlea at any
given level.

As discussed above and further emphasized here, FIGS. 2
and 3 are merely examples, which should not unduly limit the
scope of the claims herein. One of ordinary skill 1n the art
would recognize many variations, alternatives, and modifica-
tions. For example, the two embodiments as described in
FIGS. 2 and 3 can be combined. In one embodiment, the
process 230 1s used to determine the gain for incident pressure
lower than about 65 dB-SPL, and the process 330 1s used to
determine the gain for incident pressure higher than about 65
dB-SPL.

FIG. 4(a) 1s a ssmplified diagram for adjusting a hearing aid
according to yet another embodiment of the present mnven-
tion. This diagram 1s merely an example, which should not
unduly limit the scope of the claims herein. One of ordinary
skill 1n the art would recognize many variations, alternatives,
and modifications. The method 400 includes a process 410 for
measuring acoustic reflectance, a process 420 for determin-
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ing acoustic impedance, and a process 430 for adjusting hear-
ing aid based on acoustic impedance. Although the above has
been shown using a selected sequence of processes, there can
be many alternatives, modifications, and variations. For
example, some of the processes may be expanded and/or
combined. Other processes may be inserted to those noted
above. Depending upon the embodiment, the specific
sequence of processes may be interchanged with others
replaced. Future detail of the present invention can be found
throughout the present specification and more particularly
below.

The process 410 for measuring acoustic reflectance 1s sub-
stantially similar to the process 210 as described above. At the
process 420, the acoustic impedance 7. of the ear canal 1s

determined from the measured acoustic reflectance R. Based
on Equation 8, Z_ . and R have the following relation:

_ ZE-:: — %0
ZE-:: + 2o

Equation 10
R (Equation 10)

wherein 7z, 1s the characteristic impedance z, of the ear
canal as described in Equation 4.

At the process 430, the hearing aid i1s adjusted based on
acoustic impedance of the ear canal. In one embodiment, the
hearing aid includes a receiver with an acoustic impedance.
For example, the receiver 1s an earphone. The acoustic imped-
ance of the recetver 1s adjusted based on the acoustic imped-
ance of the ear canal. In another embodiment, the impedance
of the hearing aid 1s adjusted to become equal to the imped-
ance 7. . of the ear canal. For example, standing waves 1n the
car canal are mitigated. As another example, retrograde wave
P~(1) that comes back from the ear 1s absorbed 1n the receiver,
and the retlectance of such a retrograde wave 1s modified.

FI1G. 4(b)1s a simplified diagram for adjusting a hearing aid
according to yet another embodiment of the present mven-
tion. This diagram 1s merely an example, which should not
unduly limit the scope of the claims herein. One of ordinary
skill 1n the art would recognize many variations, alternatives,
and modifications. The method 460 includes a process 470 for
measuring ear canal pressure, a process 480 for determining
acoustic characteristic, and a process 490 for adjusting hear-
ing aid based on acoustic characteristic. Although the above
has been shown using a selected sequence of processes, there
can be many alternatives, modifications, and variations. For
example, some of the processes may be expanded and/or
combined. Other processes may be inserted to those noted
above. Depending upon the embodiment, the specific
sequence ol processes may be interchanged with others
replaced. Future detail of the present invention can be found
throughout the present specification and more particularly
below.

At the process 470, the ear canal pressure 1s measured. For
example, the ear canal pressure 1s a sum of the incident
pressure and the reflected pressure. At the process 480, an
acoustic characteristic 1s determined based on the measured
car canal pressure. In one embodiment, the acoustic charac-
teristic includes the acoustic reflectance. The acoustic reflec-
tance 1s determined by a process substantially similar to the
process 210. In another embodiment, the acoustic character-
istic includes the acoustic impedance of the ear canal. The
acoustic impedance 1s determined by a process substantially
similar to the process 420.

At the process 490, the hearing aid i1s adjusted based on
acoustic characteristic. In one embodiment, the acoustic char-
acteristic includes the acoustic impedance. The adjustment 1s
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performed by a process substantially similar to the process
430. In another embodiment, the acoustic characteristic
includes the acoustic retlectance. The acoustic reflectance 1s
adjusted to optimize a performance metric of the hearing aid.
For example, the performance metric 1s related to standing
waves 1n the ear canal. The standing waves are mitigated. As
another example, the performance metric 1s related to retro-
grade wave P~(1) that comes back from the ear which 1is
absorbed 1n the recerver. The reflectance of such a retrograde
wave 1s modified. As yet another example, the power trans-
terred to the ear canal 1s increased or maximized.

FIG. 5 1s a simplified diagram for adjusting a hearing aid
according to yet another embodiment of the present mven-
tion. This diagram 1s merely an example, which should not
unduly limit the scope of the claims herein. One of ordinary
skill 1n the art would recognize many variations, alternatives,
and modifications. The method 500 includes a process 510 for
measuring ear canal pressure, a process 520 for determinming
constant component of acoustic reflectance, a process 530 for
measuring reverse transier function, and a process 540 for
adjusting hearing aid. Although the above has been shown
using a selected sequence of processes, there can be many
alternatives, modifications, and variations. For example,
some of the processes may be expanded and/or combined.
Other processes may be inserted to those noted above.
Depending upon the embodiment, the specific sequence of
processes may be interchanged with others replaced. For
example, the process 330 1s performed prior to the process
510 and/or the process 520. Future detail of the present inven-
tion can be found throughout the present specification and
more particularly below.

At the process 510, the ear canal pressure 1s measured. For
example, the ear canal pressure 1s a sum of the incident
pressure and the reflected pressure. In another example, the
process 5310 mcludes a process for determining an acoustic
reflectance. The process for determining an acoustic reflec-
tance 1s substantially similar to the process 210 as described
above. The process 520 for determining constant component
of acoustic retlectance 1s substantially similar to the process
320. At the process 530, a reverse transier function 1s mea-
sured for the hearing aid. For example, the reverse transier
function of the hearing aid, from ear canal to the input micro-
phone, 1s determined from a microphone inside the ear canal
to a microphone outside the ear canal.

At the process 340, the hearing aid 1s adjusted. For
example, the earphone source impedance 1s adjusted based on
reverse transfer function and the constant component of
acoustic reflectance. In one embodiment, the hearing aid
includes a recerver with an acoustic impedance. For example,
the recetver 1s an earphone. The acoustic impedance of the
receiver 1s adjusted based on the reverse transier function and
constant component of acoustic retlectance. For example, the
teedback from the ear canal to a microphone outside the ear
canal 1s reduced by enhancing the stability condition such as
the Nyquist stability criterion. As another example, the
reflected or retrograde waves coming back from the ear are
reduced or removed at particular frequencies and for specific
phases which are favorable to oscillations. Such oscillation
may otherwise result from high gain of the hearing aid. As yet
another example, the gain of the hearing aid 1s adjusted. The
gain includes a magnitude and a phase. In one embodiment,
the sing margin of the hearing aid 1s controlled.

As discussed above and fturther emphasized here, FIGS. 2,
3, 4(a) and (b), and 3 are merely examples, which should not
unduly limit the scope of the claims herein. One of ordinary
skill 1n the art would recognize many variations, alternatives,
and modifications. In one embodiment, the acoustic reflec-
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tance 1s measured, and the power retlectance 1s determined.
The power retlectance 1s equal to the square of the magnitude
of the acoustic reflectance R. In response, the hearing aid 1s
adjusted to match the measured power reflectance to that of a
normal ear at various frequencies. For example, the adjust-
ment 1s performed at an incident pressure of 50 dB-SPL. As
another example, the adjustment 1s performed by changing
the acoustic impedance of a receiver of the hearing aid. The
receiver 1s usually an earphone.

Certain embodiments of the present invention can dynami-
cally tune the impedance of the output transducer 724 to the
input impedance of the canal. A special earphone 620 having
a multiplicity of taps along the co1l 622 could be used to allow
tor the dynamic change 1n acoustic impedance in the subjects
car, depending on the load on that ear. By signal processing
means 732, different signals can be delivered to the different
taps 624, 626, thereby changing the recerver acoustic source
impedance, as a function of frequency, and if necessary, level.
Each tap of the coil would be driven by a digital to analogue
converter which would be fed by the output of a digital filter
bank combination. Feedback conditions would be measured
and the impedance of the hearing aid earphone would be
varied to minimize feedback, by reducing the energy reflec-
tance at and near the frequencies where the feedback was
determined to occur, via the multi-tapped coil in the ear-
phone.

In yet another embodiment, various characteristics of the
car or the hearing aid and their changes over time are moni-
tored and used to identily problems with the ear or the hearing
aid. For example, the change of 7 __ over time provides infor-
mation on functional changes of the ear canal. As another
example, the change of reverse transfer function over time
may reveal leakage 1n the seal of the hearing aid 1n the ear
canal. The reverse transfer function may be measured with a
microphone inside the ear canal relative to a microphone
outside the ear canal. In yet another example, the change of
forward transier function over time reveals wax buildup 1n the
car canal. The forward transfer function may be measured
with a microphone outside the ear canal relative to a micro-
phone mside the ear canal. In yet another example, the change
ol impedance of earphone over time reveals wax buildup on
the earphone.

FIG. 6 1s a simplified hearing aid according to an embodi-
ment of the present invention. This diagram 1s merely an
example, which should not unduly limit the scope of the
claims. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications. A system 600
includes microphones 610 and 612, an earphone 620, a sys-
tem 630 including a processing system 632. Although the
above has been shown using a selected group of apparatuses
tor the hearing aid 600, there can be many alternatives, modi-
fications, and variations. For example, some of the appara-
tuses may be expanded and/or combined. Other apparatuses
may be inserted to those noted above. Depending upon the
embodiment, the arrangement of apparatuses may be inter-
changed with others replaced. The system 600 can be used to
perform the methods 200, 300, 400, 460, and/or 500. Further
details of these apparatuses are found throughout the present
specification and more particularly below.

The earphone 620 can be used to output an acoustic pres-
sure. In one embodiment, the earphone 620 includes at least a
coll 622 and a plurality of taps along the coil 622. For
example, the plurality of taps includes taps 624 and 626. The
clectrical impedance of the coil may be varied by controlling
the plurality of taps as a function of acoustic pressure and
frequency. By varying the electrical impedance, the acoustic
impedance of the earphone can change correspondingly. For
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example, the acoustic impedance 1s adjusted through the plu-
rality of taps on the recetver coil 622. In another example, the
mid-frequency region needs an acoustic impedance that 1s
close to the characteristic impedance z, of the ear canal, while
at low Irequencies, a higher impedance 1s needed to match the
increased stifiness of the eardrum at those frequencies.

In one embodiment, each tap of the earphone 620 1s driven
by a digital to analog converter. The digital to analog con-
verter recetves the output of a digital filter bank combination.
In another embodiment, different electrical signals are deliv-
ered to different taps of the earphone 620. Accordingly, the
acoustic impedance of the earphone 620 can be changed as a
function of acoustic pressure and frequency. In yet another
embodiment, the earphone 620 can be placed into the ear
canal and output an incident pressure to the ear drum.

The microphone 610 can be placed 1nto the ear canal and
receives an acoustic pressure. For example, the received
acoustic pressure 1s reflected 1n response to the incident pres-
sure from the earphone 620. The microphone 612 can be
placed 1n the outer ear and receive acoustic signals. For
example, the microphone 612 is an input microphone of the
hearing aid 600.

The system 630 includes various electronic components,
such as the processing system 632. In one embodiment, the
processing system 632 can perform signal processing and
computation. For example, the processing system 632 can
select an incident acoustic pressure, instruct the earphone 620
to output such an acoustic pressure, and/or determine the
acoustic reflectance based on the retlected acoustic pressure
received by the microphone 610. In another embodiment, the
processing system 632 allows for measurements of the power
absorbed by and reflected from the ear canal as a function of
incident acoustic pressure and Irequency. In yet another

embodiment, the processing system 632 can perform analysis
and control functions as described for various embodiments
in FIGS. 2, 3, 4(a) and (b), and 5. For example, the processing
system 632 1s used for measuring acoustic retlectance and
acoustic impedance of the ear canal and processing the mea-
surement results to determine fitting parameters of the hear-
ing aid. In yet another embodiment, the processing system
632 1 addition to other components delivers ditlerent elec-
trical signals to different taps of the earphone 620. Accord-
ingly, the acoustic impedance of the earphone 620 can be
changed as a function of acoustic pressure and frequency.

As discussed above and further emphasized here, FI1G. 6 1s
merely an example, which should not unduly limait the scope
of the claims herein. One of ordinary skill 1n the art would
recognize many variations, alternatives, and modifications. In
one embodiment, the processing system 632 1s not integrated
with other components of the system 630 respectively. For
example, the signal processing 1s performed outside the ear
for measuring acoustic retlectance and acoustic impedance of
the ear canal and processing the measurement results to deter-
mine fitting parameters of the hearing aid. As another
example, the processing system 632 includes the measure-
ment equipment by Mimosa Acoustics, Inc., and/or use one or
more Matlab® programs. In another embodiment, the pro-
cessing system 632 includes a digital signal processing sys-
tem that 1s external to the ear. For example, the digital signal
processing system can be worn on a body pack. Alternatively,
the digital signal processing system 1s connected with other
components of the system 630 through a wireless connection,
such as a Blue Tooth wireless link.

FIG. 7 1s a simplified hearing aid according to another
embodiment of the present invention. This diagram i1s merely
an example, which should not unduly limit the scope of the
claims. One of ordinary skill 1n the art would recognize many
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variations, alternatives, and modifications. A system 700
includes microphones 710 and 712, an earphone 720, a sys-
tem 730 including a processing system 732, a control system
734 and an amplifier 736. Although the above has been shown
using a selected group of apparatuses for the hearing aid 700,
there can be many alternatives, modifications, and variations.
For example, some of the apparatuses may be expanded and/
or combined. Other apparatuses may be inserted to those
noted above. Depending upon the embodiment, the arrange-
ment of apparatuses may be interchanged with others
replaced. The system 700 can be used to perform the methods
200, 300, 400, 460, and/or 500. Further details of these appa-
ratuses are found throughout the present specification and
more particularly below.

The earphone 720 can be used to output an acoustic pres-
sure. In one embodiment, the earphone 720 includes a speaker
722 and an adjustable impedance 724. For example, the ear-
phone 720 1s configured to provide a plurality of impedance
values. In another example, the adjustable impedance 724
includes the coil 622 and the plurality of taps along the coil
622. The electrical impedance 724 may be varied as a func-
tion of acoustic pressure and frequency. By varying the elec-
trical impedance, the acoustic impedance of the earphone 720
can change correspondingly. For example, the mid-frequency
region needs an acoustic impedance that 1s close to the char-
acteristic impedance z, of the ear canal, while at low frequen-
cies, a higher impedance 1s needed to match the increased
stiffness of the eardrum at those frequencies.

The microphone 710 can be placed into the ear canal and
receives an acoustic pressure. For example, the received
acoustic pressure 1s reflected in response to the incident pres-
sure from the earphone 720. The microphone 712 can be
placed 1n the outer ear and receive acoustic signals. For
example, the microphone 712 1s an mput microphone of the
hearing aid 700. In another example, the acoustic impedance
of the ear phone 720 1s adjusted to control power delivered to
the ear canal. Such control can improve the energy transferred
to the ear canal, reduce the power delivered to the microphone
712, and/or reduce the acoustic teedback.

The system 730 includes a processing system 732, a con-
trol system 734 and an amplifier 736. The amplifier 736
receives electrical signals from the microphone 712 and inter-
acts with the processing system 732. The processing system
sends signals to the control system 734 and receives signals
from the microphone 710 and other sources. For example, the
signal from the microphone 712 indicates the recerved acous-
tic pressure. The control system 734 outputs control signals to
the earphone 720. In one embodiment, the control system 734
includes one or more digital-to-analog converters. In
response to the control signals, the acoustic impedance of the
carphone 720 can be changed as a function of acoustic pres-
sure and frequency. In yet another embodiment, the earphone
720 can be placed into the ear canal and output an incident
pressure to the ear drum.

The processing system 732 can perform signal processing,
and computation. In one embodiment, the processing system
732 can select an incident acoustic pressure, instruct the
carphone 720 to output such an acoustic pressure, and/or
determine the acoustic reflectance based on the reflected
acoustic pressure recerved by the microphone 710. In another
embodiment, the processing system 732 allows for measure-
ments of the power absorbed by and reflected from the ear
canal as a function of incident acoustic pressure and fre-
quency. In yet another embodiment, the processing system
732 and the control system 734 can perform analysis and
control functions as described for various embodiments 1n
FIGS. 2, 3, 4(a) and (), and 5. For example, the processing
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system 732 and the control system 734 are used for measuring,
acoustic reflectance and acoustic impedance of the ear canal
and processing the measurement results to determine fitting
parameters of the hearing aid. In yet another embodiment, the
processing system 732 and the control system 734 deliver
clectrical signals so that the acoustic impedance of the ear-
phone 720 can be changed as a function of acoustic pressure
and frequency. The amplifier 736 can provide a variable gain,
such as from 0 to 50 dB, that 1s controlled by the signal 735.

As discussed above and further emphasized here, FI1G. 7 1s
merely an example, which should not unduly limait the scope
of the claims herein. One of ordinary skill 1n the art would
recognize many variations, alternatives, and modifications. In
one embodiment, the processing system 732 1s not integrated
with other components of the system 730 respectively. For
example, the signal processing 1s performed outside the ear
for measuring acoustic retlectance and acoustic impedance of
the ear canal and processing the measurement results to deter-
mine fitting parameters of the hearing aid. As another
example, the processing system 732 includes the measure-
ment equipment by Mimosa Acoustics, Inc., and/or use one or
more Matlab programs. In another embodiment, the process-
ing system 732 includes a digital signal processing system
that 1s external to the ear. For example, the digital signal
processing system can be worn on a body pack. Alternatively,
the digital signal processing system 1s connected with other
components of the hearing aid 700 through a wireless con-
nection, such as a Blue Tooth wireless link.

The system 700 can be used to perform the methods 200,
300,400, 460, and/or 500. As shown 1n FIG. 7, there exists an

acoustic feedback path 760. The feedback path 760 1s only
illustrative without specifying its physical locations. For
example, the feedback path may traverse through the control
system 734. In another example, to perform the method 3500,
the process 330 for measuring reverse transier function
includes certain processes as shown 1n FIG. 8.

FIG. 8 1s a simplified process 330 for measuring reverse
transier function according to an embodiment of the present
invention. This diagram 1s merely an example, which should
not unduly limit the scope of the claims herein. One of ordi-
nary skill 1in the art would recognize many variations, alter-
natives, and modifications. As discussed above, the process
530 1ncludes a process 810 for generating acoustic signal by
applying voltage to the earphone 720, a process 820 for mea-
suring acoustic pressure at the microphone 710, a process 830
for measuring acoustic pressure at the microphone 712, and a
process 840 for determining reverse transier function.
Although the above has been shown using a selected
sequence of processes, there can be many alternatives, modi-
fications, and variations. For example, some of the processes
may be expanded and/or combined. Other processes may be
inserted to those noted above. Depending upon the embodi-
ment, the specific sequence of processes may be interchanged
with others replaced.

For example, the process 830 1s performed prior to the
process 820. In one embodiment, the earphone 720 and the
microphone 710 are placed 1n the ear canal, and the micro-
phone 712 are placed 1n the outer ear. In another embodiment,
the reverse transier function 1s equal to a ratio 1n the frequency
domain the measured acoustic pressure at the microphone
712 to the measured acoustic pressure at the microphone 710.

As discussed above, the hearing aid 600 and/or 700 can be
used to perform the method 200, 300, 400, 460, and/or 500
automatically. In one embodiment, the hearing aid 600 and/or
700 1s placed in the ear. For example, a microphone and a
carphone of the hearing aid are placed 1n the ear canal and
another microphone of the hearing aid is placed 1n the outer
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car. In another embodiment, prior to placement of the hearing
aid 1n the ear, the hearing aid 1s calibrated. For example, the
calibration includes determining the Thevenin/Norton
parameters as a function of frequency. In another example,
the calibration includes measuring the pressure response of 3
the hearing aid as a function of frequency 1n a plurality of
cavities. For example, the plurality of cavities includes at least
two cavities, such as two, four, or six cavities. The plurality of
pressure responses p, (1, V) 1s then used to determine the
source impedance 7. (1) and the open circuit pressure p (1, V). 10
11s the frequency, V 1s the voltage applied to the earphone, and

1 indicates the cavity number between 1 and N. N represents
the total number of cavities. As another example, the Norton
admaittance Y _ (1) 1s determined to be equal to 1/Z (1), and the
short-circuit volume velocity U_ (1, V) 1s also determined tobe 15
equal to p (1, V)/Z (1).

According to another embodiment, a system for providing
hearing assistance with automatic adjustment includes a pro-
cessing system, a control system coupled to the processing
system, an earphone coupled to the control system, and a first 20
microphone and a second microphone coupled to the control
system. The earphone 1s configured to provided a plurality of
impedance values. The earphone and the first microphone are
configured to be placed inside an ear canal. The system for
providing hearing assistance can perform the method 200, 25
300, 400, 460, and/or 500 automatically.

As discussed above and further emphasized here, FIGS.
1-8 including 4(a) and (b) are merely examples, which should
not unduly limit the scope of the claims herein. One of ordi-
nary skill in the art would recognize many varnations, alter- 30
natives, and modifications. In one embodiment, the compo-
nent R, and the slope R, of reflectance are replaced by other
types of reflectance components or slopes respectively. For
example, the retlectance component and slope include a com-
ponent and a slope of the reflected pressure P~. In another 35
example, the retlectance component and slope include a com-
ponentand a slope of Z__. In one embodiment, the component
and slope of Z__ can be determined by R and Z, according to
Equation 8. In another embodiment, the component and slope
of Z__can be determined by a Taylor series expansion of 7. 40
with respect to P™ as shown below.

Zec(f?P+) EZE‘C?G (f) +Z‘e-:‘:.{. 1 (f) X P++Z‘€c?2(f) X (P+)2 (E(:_[UHtiDIl 11 )

where 7, , 1s a constant component, and Z,_ , 1s a slope of
7. . In yet another example, the reflectance component and 45
slope 1nclude the component R, and the slope R, of reflec-
tance.

The present invention has various applications. Certain
embodiments of the present invention provide a hearing aid
and a method for automatically adjusting the hearing aid. The 50
hearing aid 1s placed 1n the ear canal, and with the push of a
button the hearing aid can “tune 1tself” automatically without
intervention from an audiologist. Once tuned, the software 1n
the hearing aid can automatically monitor the performance by
constantly measuring the power absorbed in-situ. If the ear 55
conditions have changed significantly, the owner of the hear-
ing aid 1s notified to contact the hearing proiessional for a
reevaluation of the data and of the observed changes.

The present invention has various advantages. Some
embodiments of the present invention can significantly lower 60
the cost of hearing aid fitting and 1mprove the quality of
average patient fitting. For example, the variance in hearing
aid fitting can be greatly reduced. Certain embodiments of the
present invention can greatly reduce or remove the interven-
tion of the hearing aid professional in some technically diffi- 65
cult and high-risk tasks for prescribing a hearing aid for a
patient. This would allow the professional to focus on the
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patient rather than on aid-specific technmical details. Some
embodiments of the present invention provide a hearing aid
that can automatically and in situ adjust compression param-
cters and frequency-dependent gain of the hearing aid. For
example, the hearing aid performs the adjustment based on
measurements the hearing aid makes in the ear, either auto-
matically, in a scheduled manner, or when the hearing aid 1s
manually 1nstructed to do so. The manual 1nstruction may be
generated via some virtual button such as an electronic com-
mand. Certain embodiments of the present invention allow
for the adjustment of the source impedance of the hearing aid
as a function of acoustic pressure and Irequency. For
example, the source impedance 1s related to the acoustic
impedance of the earphone of the hearing aid.

Some embodiments of the present invention improve the
delivery of acoustic power or intensity to the ear canal and/or
cochlea. Certain embodiments of the present ivention can
improve the hearing aid efficiency. Some embodiments of the
present invention reduce the effect of standing waves by
controlling the acoustic retlectance via a slowly-varying tonic
change 1n driving-point impedance of the output transducer.
For example, the output transducer 1s part of an earphone of
the hearing aid. Certain embodiments of the present invention
reduce and control sing margins, also known as “feedback
margins,” defined as the amount of gain that may be provided
before the hearing aid becomes unstable and starts to oscil-
late, or “whistle.” For example, the sing margins depend on
the acoustic reflectance, which in turn depends on the relative
impedance between the earphone and the ear canal.

Some embodiments of the present invention provide sig-
nificant improvements to clinical evaluation tools for hearing
aid and also reduce the variability 1n the measurements. Cer-
tain embodiments of the present invention provide a hearing
aid capable of measuring acoustic reflectance as a function of
acoustic pressure and frequency. Some embodiments of the
present invention use contra-lateral sound as the stimulus and
the acoustic reflectance as the output control measure. For
example, the reflectance change indicates the cochlear
response to the contra-lateral stimulus, and serves as a mea-
sure for the status of inner hair cells and outer hair cells.
Certain embodiments of the present invention provide a hear-
ing aid that can automatically determine acoustic parameters
of the hearing aid. For example, the acoustic parameters
include ones of the earphone. As another example, the auto-
matic determination 1s performed for the purpose of in-situ
characterization of the middle and inner ear via the ear canal.

Some embodiments of the present invention can automati-
cally adjust a hearing aid to the ear canal dynamically and
without intervention on the part of the user. Certain embodi-
ments of the present invention use the length and area of the
car canal for adjusting the hearing aid. For example, the
length and area are determined during the making of the ear
mold. As another example, the area of the ear canal 1s esti-
mated based on the size of the ear tip used by the tester, which
can be determined semi-automatically. Some embodiments
ol the present invention monitor changes of the ear and/or the
hearing aid. For example, such changes reveal ear wax
buildup, and/or colds and other minor inflammation of the
middle ear. As another example, the monitoring is performed
to detect middle ear infections 1n children with a history of
middle ear problems. In yet another example, the monitoring
1s performed by a handheld device. In yet another example,
the warnings and information can be delivered to the ear via a
voice message delivered from the hearing aid.

Although specific embodiments of the present invention
have been described, 1t will be understood by those of skill in
the art that there are other embodiments that are equivalent to
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the described embodiments. Accordingly, 1t 1s to be under-
stood that the invention 1s not to be limited by the specific
illustrated embodiments, but only by the scope of the
appended claims.

What is claimed 1s:

1. A method for adjusting a hearing aid, the method com-
prising:

delivering an electrical signal to the earphone to generate

an acoustic signal as a function of frequency with the .,
hearing aid receiver within an ear canal;

measuring a total pressure within the ear canal terminated

by an ear drum, wherein the total pressure 1s a sum of the
incident pressure and reflected pressure;

determining the retlected pressure based on the total pres- | .

sure;

calculating, with a processor, the acoustic impedance

based on a ratio of reflected pressure to incident pres-
sure, the acoustic reflectance varying with respect to the
incident pressure, frequency, and intensity; 50
adjusting the acoustic impedance of the receiver based on
at least the calculated acoustic impedance of the ear
canal to increase power to the ear canal and simulta-
neously reduce acoustical feedback by decreasing
power out a vent path of the hearing aid. 55
2. The method of claim 1, further comprising;
calibrating the recerver to determine the source parameters
of the receiver;
determining the reflected pressure based on the source
parameters. 30

3. The method of claim 2 wherein the source parameters are
selected from Thevenin source parameters and Norton source
parameters.

4. The method of claim 1, further comprising computing,
with the processor, an acoustic reflectance based on the ratio 4
of reflected pressure to incident pressure, the computed
acoustic reflectance varying with respect to the incident pres-
sure and the frequency.

5. The method of claim 4, further comprising: calculating,
with the processor, the acoustic impedance of the ear canal
based on the acoustic reflectance of the ear canal.

6. The method of claim 1, further adjusting the acoustic
impedance of the receiver to match the acoustic impedance of
the ear canal.

7. The method of claim 1 further comprising adjusting the .
clectrical impedance of the recerver to adjust the acoustic
impedance of the recerver.

8. The method of claim 2, further comprising;

determining the reverse transier function for the receiver

based on calibrating the receiver; 50
calculating the electrical impedance of the receiver based
on the reverse transfer function;

adjusting the acoustic impedance of the recetver based on

the calculated electrical impedance.

9. The method of claim 1, wherein the generating of the .
acoustic signal within the ear canal 1s done by applying a
voltage to an earphone.
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10. A hearing device, comprising:

a recerver and an earphone located within an ear canal;

at least one processor configured to:

deliver an electrical signal to the earphone to generate an
acoustic signal as a function of frequency with the
recerver within the ear canal;

measure a total pressure within the ear canal terminated
by an ear drum, wherein the total pressure 1s a sum of
the incident pressure and reflected pressure;

determine the reflected pressure based on the total pres-
sure;

calculate, with a processor, the acoustic impedance
based on a ratio of reflected pressure to incident pres-
sure, the acoustic retlectance varying with respect to
the incident pressure, frequency, and intensity;

adjust the acoustic impedance of the recetver based on at
least the calculated acoustic impedance of the ear
canal to increase power to the ear canal and simulta-
neously reduce acoustical feedback by decreasing
power out a vent path of the hearing aid.

11. The hearing device of claim 10, wherein the at least one
processor further configured to:

calibrate the recerver to determine the source parameters of

the receiver;

determine the reflected pressure based on the source

parameters.

12. The hearing device of claim 11 wherein the source
parameters are selected from Thevenin source parameters and
Norton source parameters.

13. The hearing device of claim 10, wherein the at least one
processor further configured to:

compute, an acoustic retlectance based on the ratio of

reflected pressure to incident pressure, the computed
acoustic reflectance varying with respect to the incident
pressure and the frequency.

14. The hearing device of claim 10, wherein the at least one
processor further configured to:

calculate the acoustic impedance of the ear canal based on

the acoustic retlectance of the ear canal.

15. The apparatus of claim 10, wherein the processor 1s
turther configured to adjust the acoustic impedance of the
receiver to match the acoustic impedance of the ear canal.

16. The apparatus of claim 10, wherein the electrical
impedance of the recerver 1s adjusted to adjust the acoustic
impedance of the receiver.

17. The apparatus of claim 10, wherein the processor 1s
turther configured to:

determine the reverse transfer function for the recerver

based on calibrating the receiver;

calculate the electrical impedance of the receiver based on

the reverse transtfer function;

adjust the acoustic impedance of the recerver based on the

calculated electrical impedance.

18. The apparatus of claim 10, wherein the generating of
the acoustic signal within the ear canal 1s done by applying a
voltage to the earphone.
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